This paper describes the successful development of a piezoelectric transformer-based
Introduction
The motivation for "Implementing a Piezoelectric Transformer for a ferroelectric Phase Shifter Circuit," starts with the ferroelectric phase shifter, which is the fundamental component of a new type of phased array antenna, the ferroelectric reflectarray. These phase shifters require a DC bias applied to the radial stub bias tees, indicated in Fig. 1 , up to 300 VDC, for continuous 0-to-360 degrees of phase shift.
Conventional phased arrays use phase shifters requiring about six control signals, so routing and integration are complex, whereas the coplanar ferroelectric phase shifter requires only a single control signal. Reflectarray advantages include the elimination of moving parts, unlike gimbaled antennas, reducing the risk of wear, rapid electronic steering, simpler construction, and better integration and packaging flexibility, making the ferroelectric reflectarray ideal for space communications [1] . The bias voltage in the reflectarray is supplied to each phase shifter by a DC-DC converter and high voltage switching IC. The motivation to investigate piezoelectric transformers stems from the DC-DC converter and IC because of the potential for improvement in power consumption, speed, size, and weight, all which make the ferroelectric reflectarray ideal for space communications. Otherwise as phase shifter count increases, so to would I 2 R and magnetic losses, board space and weight costs, and EMI. Another goal is reducing controller power to less than 25 Watts for a 1000 element array, and finally, decreasing the switching time for the applied voltage to less than 10 µSec to prevent intersymbol interference, a problem with the current switching IC. This work explores the potential of a piezoelectric transformer as a replacement for the magnetic transformer and IC in an AC/DC converter.
Piezoelectrics are a class of ferroelectrics in which an external electric field creates an electrical displacement and shifts the dipole moment of the central ion in the crystal cell. This results in the crystal deforming mechanically, in what is known as the piezoelectric effect. The opposite is true as well: when the crystal cell is mechanically stressed, the central ion is displaced, resulting in an electric potential occurring across the crystal [2] . This is the reverse piezoelectric effect. Bulk piezoelectrics contain groups of crystals, called Weiss domains, which behave as individual crystals. When exposed to a strong enough static electric field, below the Curie temperature, the central dipoles stay aligned throughout the whole substance and the bulk piezoelectric substance exhibits the piezoelectric and reverse piezoelectric effects uniformly. This is referred to as poling the device. So now when an external electric field is applied, the dipoles align themselves to the external electric field and the whole crystal will deform [3] . Therefore if an alternating electric field is applied, an alternating mechanical deformation results. Because the unpoled piezoelectric is anisotropic, its behavior and properties are vector quantities in three dimensions with a coordinate system relative to the direction of poling. This nomenclature is only practical in simple geometries but is useful in understanding the properties of piezoelectrics and the piezoelectric transformer [4] . The piezoelectric constants are a measure of the piezoelectric properties relating stresses and charge in the device. The important ones to consider are permittivity, compliance, piezoelectric charge constant, piezoelectric voltage constant and electromechanical coupling coefficient, all of which are direction-dependant [2] .
The first piezoelectric transformer was invented in 1954 by C. A. Rosen. He coupled two piezoelectric transducers, an input and output half, in what is today known as a Rosen-type transformer. When the input half is driven by a sinusoidal voltage, the resultant mechanical oscillations transfer energy to the output half, which through the reverse piezoelectric effect, outputs a sinusoidal voltage with the devices' geometry determining the gain. The piezoelectric transformer is a resonantly operated device. The resonant frequency is inversely proportional to its length; harmonics of the fundamental work, but not as well [7] .
The piezoelectric transformer is a non-linear device. The equivalent circuit model, shown in Fig. 2 , is really only accurate for a narrow range of operating conditions.
The piezoelectric transformer's performance changes based on the driving frequency it is operating at, the operating temperature, and the loading. Because the ferroelectric phase shifter has a very high impedance and negligible capacitance, the transformer is operated in an open circuit assumption. Even mounting the device is a concern so as not to dampen the standing wave in it. By better understanding the device nonlinearities, a proof-of-concept driver circuit based on a piezoelectric transformer for the ferroelectric phase shifter, is developed. For research purposes, a multi-layer piezoelectric transformer made of Lead Zirconate Titanate was used.
Device Characterization
Implementation of the device is first approached by characterizing it. The piezoelectric transformer is a high-Q system and is frequency, temperature, and load dependant. To better understand how it is used in circuit and how to control it, the effects of these dependencies must first be understood.
Previous studies have shown that as piezoelectrics become cooler, the dielectric constant, compliance, coupling coefficient, charge constant, and voltage constant are all reduced [5, 6] . This results in the piezoelectric substance having a reduced piezoelectric-reverse piezoelectric response. However, the resonant frequency increases due to the reduced Weiss domain mobility [5] . This also results in lowered losses in the device. Since the intent of the piezoelectric transformer is for space applications, we begin by characterizing it against temperature. The frequency response shows exactly where the resonant point lays and how it shifts over temperature. It also shows that the voltages necessary for biasing the phase shifter can be reached. Lastly, the device's response to cryogenic temperatures is observed.
The impedance information helps show how to better drive the device by revealing its input impedance over frequency. For obtaining the frequency response, a 1 Volt peak-topeak sine wave is applied and swept from 45 kHz to 60 kHz in 500 Hz increments. The resonant frequency is located as well. The input impedance was measured using an RLC meter and swept from 40 kHz to 60 kHz in 100 Hz increments. Figure 3 shows how for all cryogenic measurements, the device was placed in a closed-cycle, helium cryostat. High thermal conductivity epoxy and indium foil were used to ensure intimate thermal contact between the PT and the cold finger.
Results
Results for both tests are shown in Fig. 4 . The devices' high Q response is observed at approximately 54 kHz with a gain of 348 at room temperature. In the cryostat, at 293.09 K, the resonant frequency is 52.8 kHz with a gain of 322. The shift in resonant frequency is due to instrumentation loading; many more feet of cabling had to be added for the instrumentation to access the device while it was in the cryostat. As the device was chilled, the resonant frequency shifted higher and higher while the gain was dampened. At 142 K, the gain only reaches 49.7 at 53.8 kHz. This result is in agreement with [5] .
From [7] , the resonant frequency of a bulk piezoelectric material is given by Eqn. (1) .
By making a few assumptions, the same equation can be applied to the multi-layer Rosen-type piezoelectric transformer. Because the multilayer piezoelectric transformer's individual layers in either section are so thin, especially with regard to the entire thickness, the input and output halves can be regarded as solid, bulk piezoelectric material. Second, because the length of the device is so much greater than either the width or thickness, it is the main mode of propagation. Neglecting any other possible modes of wave propagation, the assumption is that the wave energy travels entirely in the length direction. Third, it is assumed that the density of the device, despite actually being a composite structure of thin piezoelectric layers and two individual transducers, is approximately uniform throughout the whole device. Figure 5 shows the device's input impedance from 40 kHz to 60 kHz. Resonance occurs at 55kHz and the impedance magnitude is approximately 0.79 at an angle of 0 degrees. The
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A. Roberts and R. Romanofsky impedance angle goes, from 90 degrees, through a complete 180-degree phase shift back to 90 degrees over a 2.5 kHz span.
Unfortunately it was not possible to obtain impedance measurements at cryogenic temperatures, but because the frequency response showed a shift to higher frequencies for the resonant value as the device got cooler, it stands to reason that the same would occur in the impedance plot as well. The quantization effect present in the impedance data is an artifact of using an RLC meter whose step size was not fine enough.
The impedance measurement also gives a first look into what will eventually become the efficiency evaluation. By measuring the current flowing into the device, we can begin to infer its efficiency. At off-resonance, the piezoelectric transformer draws approximately 4 mA. At resonance, where Z in is a minimum, it draws about 40 mA. If the driver's operation can be achieved at lesser currents, a more efficient system might be achievable. The device itself is most efficient at resonance since most of applied current creates the charge displacement that polarizes and depolarizes the piezoelectric substance [8] . Thermal loss is dynamic and attributed to Weiss domain movement. The magnitude of this loss increases at resonance or by driving the device harder, but it dominates the energy lost at off-resonance [9] . In the lab, thermal losses were evident based on heating which was measured with a resistive thermal device (RTD) bonded to the transformer. In the piezoelectric transformer, at resonance, the greatest stress occurs due to the magnitude of electrical and mechanical displacement.
From the test results, a number of conclusions can be made. The frequency response shows that the necessary voltages for biasing the phase shifter can be generated, but that at cryogenic frequencies, the device's gain drops and the resonant frequency shifts higher. This requires a driving scheme that tracks the resonant frequency and can vary the magnitude of the driving signal to reach the required voltage. It also shows the necessity of a signal source that can supply ample current rapidly enough without limiting the device's behavior. The frequency response shows how high the Q for the device is -this means that there is much more energy stored in the standing wave of the device than what is dissipated in it. This is also observable in how much greater the resonant frequency is compared to the bandwidth. The impedance plot shows the range around resonance where the dampening losses are least. As the device cools, these losses are lowered, so Q should increase, but it does not because the piezoelectric ability so dampened that it decreases. However, the range or resonant bandwidth increases, perhaps leading to a different driving option where a tradeoff can be made between narrow resonance at high gain for a broader resonance at lesser gain. Interestingly, the same effect occurs under heavy loading.
We have evaluated and know about the changes in compliance (Young's Modulus), but as for assessing the change in L, the devices length, the measurement becomes a little more problematic. The manufacturer gives no physiochemical data on the piezoelectric transformer except for the Curie point temperature. To measure for any thermal contraction (which would correspond to an increasing resonant frequency), Leica's LR200, a coherent laser radar for surface mapping, and mirrors were used to measure the distance of four selected points on the device both before and after chilling. Unfortunately, a lack in precision between the spotting laser and the measurement laser created too great an inaccuracy for any meaningful measurements.
Implementation
From the frequency response, a general idea of driving the piezoelectric transformer has been established. The OPA547T Op Amp by Texas Instruments was chosen to buffer the signal from a waveform generator. This setup was used in device characterization as well. The high output current, high gain-bandwidth product device is more than adequate to drive the transformer over its entire dynamic range of operation. It also has a current-limiting feature that could perhaps be utilized in protecting the transformer and in a performance control scheme. With the high voltage AC on the output, obtaining DC was accomplished using a simple full bridge rectifier and smoothing capacitor. Cree's high voltage, zerorecovery Schottkey diodes were chosen because of their improved handling of the high voltage, high frequency signal and their low forward capacitance. The smoothing capacitor is necessary for minimizing ripple in the output voltage, which could have unintended consequences on the ferroelectric phase shifter's operation. Two approaches to driving the circuit were used: the first was fixing the drive frequency at the resonant frequency of 54.7 kHz and varying the input to achieve desired output voltages, and the second was fixing the input voltage to the minimum necessary for reaching the 300 VDC and sweeping the frequency. It is interesting to observe how nonlinear the first case is with fixed frequency, exhibiting hysteresis; it suggests the variable frequency approach might be more practical, since no memory effect is present. This approach might conflict with the single-resonant-frequency drive approach that was developed in the previous section but because the system now includes the rectifier circuitry, its effects on the piezoelectric transformers response, gain, and efficiency cannot be neglected. The device was applied to a phase shifter operated in Ka band frequencies. Preliminary results were successful with the driver achieving an output voltage from 0 to 400 VDC and accomplishing 0 to 180 degrees of phase shift at 27.5 GHz. The phase shift is fairly linear over a bandwidth of approximately 27 to 28 GHz. Results were limited to less than a full 2π but this was inherent to the phase shifter design. Starting at Fig. 6(a) with 0 VDC applied to the phase shifter, the phase shift is 139.95 degrees. At 97 VDC (Fig. 6(b) ) the phase shift is 179.37 degrees. In Fig. 6(c) , the applied voltage is greater than the required 300 VDC but shows a phase shift all the way to −104.17 degrees.
Conclusion
Future work lies in further developing the driver circuit. Beginning with the characterization of the piezoelectric transformer, the input impedance data at cryogenic temperatures is valuable in confirming the changes in resonant frequency observed in the frequency response. Evaluating the rise time, under whichever aforementioned drive scheme is utilized, will also be important. As discussed earlier, it is very important that the converter be able to step through any voltage in less than 10 µSec. Future design improvements in the driver circuitry might include: incorporating resonant frequency tracking circuitry, integrating the driver source onto the same circuit board as the rest of the driver circuit, developing temperature compensation circuitry for the gain and frequency control, quantifying the current driver's efficiency versus the one in current use with the reflectarray, and using other piezoelectric transformer designs. The Rosen-type transformers, while preferred for high voltage gain applications, suffer from nonlinearities that perhaps other transformer designs may have an advantage over. Future work could also include the integration of the new phase shifter design with the reflectarray antenna.
